Abstract-This paper studies the wideband limit (WBL) of a GaN RF power amplifier (PA). The WBL study is achieved by a PA characterization using two-tone measurements. The characterization method allows to identify the dependency of PA memory effects on the two-tone frequency spacing. PA memory effects (MEs) are measured using the opening in the AM/AM and AMIPM curves and they were found to be located in a limited range of tone spacings. The outcome of this characterization procedure is the identification of the PA wideband limit defined as the upper limit of the MEs frequency range. The most interesting phenomenon related to the WBL is that for all tone spacings beyond the WBL the AM/AM curves of the PA collapse to a quasi-static case, which is different from the static case. The presence of the wideband limit is not so evident from AM/PM curves, where the phase loop is not collapsing beyond WBL. The wideband limit is an important aspect of the DUT behaviour and can be used to improve the accuracy of the DUT behavioral model identifying its memory range.
I. INTRODUCTION
Nowadays the transition to 3G/4G mobile communication standards is in progress. This changeover brings a wider band width to users at the price of more demanding requirements on the transmitter and consequently on the power amplifier (PA). The PA design has become very challenging due to the efficiency and linearity specifications imposed by the new standards. In order to comply with the efficiency-linearity trade-off, PAs can be designed aiming for high efficiency and then linearized using a linearization technique.
In the past decade, digital predistortion has been one of the most emphasized linearization techniques [1] . However, this technique is very sensitive to PA memory effects [2] , and a dynamic predistorter performs considerably better when significant memory effects (MEs) are detected [1] .
In order to design an effective dynamic predistorter, a PA behavioral model including memory effects is needed. The identification and validatation of such a behavioral model requires a measurement procedure that characterizes PA dy namic nonlinearities. Characterization methods based on two tone measurements have been used in the past, predominantly to measure the asymmetries in the intermodulation products observed in the PA response [3] , [4] .
In this paper a two-tone input signal is applied to the PA sweeping the frequency spacing of the two tones and the complex envelope of the PA response is measured acquiring the I and Q waveforms. From the measured PA response the 978-1-4577-0516-8/11/$26.00 ©2011 IEEE input-output voltage characteristic (AMI AM) and the phase deviation versus the input voltage (AM/PM) are obtained. The mapping of MEs versus the tone spacing is obtained from the analysis of the opening in the AM/AM and AM/PM curves. The memory effects mapping methodology presented in this paper was introduced in [5] to characterize a CMOS amplifier. In this article the method is applied to a GaN PA and further expanded to characterize the wideband limit of the PA.
II. Two-ToNE MEMORY E FFECTS CHARACTERIZATION

A. Measurement methodology
The measurement set-up used for this paper is shown in Fig. 1 . The power amplifier is a Cree GaN PA with an output power of 35.7 dBm and a gain of 16.8 dB at 3 GHz. The Agilent signal generator and signal analyzer are controlled via a GPIB user interface. The device under test (DUT) is represented by the Cree GaN PA and the two bias tees at input and output port.
The input signal applied to the DUT was generated using the internal option for two-tone test of the signal generator and sweeping the tone spacing. The complex envelope of the two-tone signal can be represented as follows:
where k is the index representing the kt h tone spacing, AR and AI are the amplitude of the real part and the imaginary part of the complex envelope. The complex envelope of the applied two-tone singal is a complex sinusoid whose frequency fk is half of the frequency spacing of the two tones. Eq. 1 can be expressed in polar form as follows:
R where r(t) and ¢(t) are the amplitude and phase of the two tone complex envelope and they are expressed in Eq.3-4 as functions of fb A R and A I.
The preamplifier has a gain of 38.6 dB at 3 GHz and for all the two-tone measurements, the power amplifier was driven with an average input power of -13 dBm from the signal generator which leads to 8 dB compression in the PA gain at the peak of the envelope. The I and Q components of the PA input and output signal were measured separately for each of the tone spacings using a 102 MHz sample rate. The PA input was measured at the output of the preamplifier and it was time-aligned to the PA output using a cross-correlation of the signals. The RF carrier was fixed at 3 GHz. The GaN PA was biased with 28 V of Voo and 100 rnA ofIo.
B. Characterization of Memory Effects
Due to the presence of MEs, an asymmetry between the rising and falling edges of the absolute value of the complex envelope of the PA response (Fig. 2) can be observed. This phenomenon is evident also in the corresponding AMI AM and AM/PM curves, in the form of a hysteresis loop (Fig. 3-4) . The presence of hysteresis loops in the PA AMI AM and AMIPM curves is reported in [6] and MEs can be quantified calculating the loop opening in both Fig.3 and Fig. 4 : 
where r is the input amplitude, Yrise and Y fall are the rising and falling edge of the complex envelope of the PA response,
Xrise and x fall are the rising and falling edge of the complex envelope of the two-tone input signal, A Mopening is the amplitude loop opening in the AMI AM curve and P Mopening is the phase loop opening in the AM/PM curve. Applying Eq.5-6 to the AM/AM and AM/PM curves ob tained for every two-tone measurement, the MEs can be plotted versus both the input signal amplitude and the two-tone frequency spacing. This dependency is shown in Fig. 5 when obtained from the AM/AM curves, and in '" oS:. Q.
-0.4 where EV is the difference between a pair of complex points (R and F) of the rising and falling edge of PA output taken at the same value of the input envelope amplitude r(t), AV is the average between Rand F and EV I and EV Q are the EV components parallel and perpendicular to the direction represented by the complex number A V when depicted as a vector in the I-Q plane (Fig. 7) . The contour plot obtained when estimating the phase loop opening using the EVQ estimator is shown in Fig. 8 and it avoids the phase jumps corresponding to low amplitudes. The estimate performed using EVI produces a contour plot very similar to Fig. 5 .
III. WIDEBAND LIMIT STUDY
From the ME mapping shown in Fig. 5 it is clear that the DUT shows predominant MEs in the frequency range from 400 kHz to 10 MHz. The application of the described ME mapping methodology allows to identify the wideband limit (WBL) of the DUT. It can be seen that the amount of memory effects is approximately zero for all tone spacings above 10 MHz and this represents the WBL of the measured DUT. The WBL can also be defined as the value of tone spacing beyond which the AMI AM curve collapses into a quasi-static curve. In [7] the authors have alluded to this phenomenon. The WBL is depicted in Fig. 9 by means of the comparison of the measured AMI AM curves for three different tone spacings. The static curve corresponds to a tone spacing of 10 kHz. By increasing the tone spacing, a hysteresis loop appears with different openings corresponding to different tone spacings. The wideband limit is observed at a tone spacing of 10 MHz, beyond which the AMI AM curve appears to be static again, with no presence of MEs. The quasi-static curve is different from the static one and it is caused by the fact that PA dynamic nonlinearities are not able to track the input two-tone signal. In the AMIPM curves the opening of the phase loop is not collapsing and an opening can be observed beyond the WBL (Fig. 10) . It has been observed that in the AM/PM, the large opening at low input amplitudes is caused by a delay between the zero-crossings in the real and imaginary part of the PA response. The wide band limit can also be interpreted as a system feature. If a time constant is associated to each dynamic nonlinearity of the PA, the collapse of the AMIAM beyond the WBL is caused by the fact that the dynamic nonlinearities are not able to follow an input bandwidth larger than all the inverse of the time constants.
IV. CONCLUSION
In this paper the wideband limit of a GaN power amplifier is studied using two-tone measurements. The performed two tone characterization procedure allows to estimate the mag nitude and frequency range of PA dynamic nonlinearities. The upper limit of the ME frequency range represents the wideband limit (WBL) of the PA and it has been identified for the measured DUT. For all tone spacings beyond the WBL the AMI AM curve appears to be static again but this quasi-0 .6 r. , -,.,...---,--,---.----,--,---.----r--, static case is different from the CW curve. From the AM/PM curves this collapse is not detected, but it has been observed that these curves are affected by measurement inaccuracies. The wideband limit is identified in this work for a device under test (DUT) that comprehends a GaN PA with two bias tees at input and output ports. Therefore, the mechanisms that cause the WBL to appear can be searched in both the PA dynamic nonlinearities (caused by trapping effects, self heating, etc.) and also in the frequency response of the bias tees. The wideband limit is an important property of the DUT and its observation can be used to identify a behavioral model able to reproduce narrowly the range of the DUT memory effects.
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